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Abstract
The calculations for the neutrino absorption cross sections for supernova neutrinos in 40Ar have been done in the local density
approximation (LDA) taking into account Pauli blocking and Fermi motion effects. The renormalization of weak transition
strengths in the nuclear medium and the effect of Coulomb distortion of the lepton produced in charged current reactions are
taken into account. The expected event rates for electrons (positrons) have been calculated for a 3 kT liquid argon detector for
a supernova occurring at 10 kpc from earth.
 2004 Published by Elsevier B.V.
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Open access under CC BY license.An important aspect of supernova formation and
subsequent explosion relevant to astroparticle physics
is the huge amount of neutrinos released in the core
collapse. The neutrinos are trapped in the interior of
the high density neutron star and are emitted from
the relatively well defined surface at a radius of 10–
20 km, depending upon the mass and nuclear equation
of state. Most of the gravitational energy released in a
core collapse is carried by the neutrinos. Such neutrino
bursts carry about ≈ 3 × 1053 ergs of energy in a
very short period of time (≈ 10 s). It is generally
expected that the energy liberated in a supernova
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Open access under CC BYexplosion is to be equipartitioned among the standard
neutrino flavors. The interaction of neutrinos with
dense neutron rich matter in the core results in the
different energy distributions for the various neutrino
flavours. The neutrinos νx (x = µ,τ, µ¯, τ¯ ) do not have
sufficient energy to produce corresponding leptons in
charged current reactions and interact only through
neutral current interactions and therefore have a higher
average energy than νe and ν¯e, which interact through
charged current as well as neutral current. Since the
number of neutrons is larger than the protons, νe loses
energy much more than ν¯e and the average energy
for ν¯e is more than νe . The numerical simulations
give the following values of average energy for the
different neutrino flavors, i.e., 〈Eνe 〉 ∼ 10–11 MeV,
〈Eν¯e〉 ∼ 15–16 MeV and 〈Eνx 〉 ∼ 23–25 MeV and are license.
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a Fermi Dirac distribution [1,2]:
(1)φ(Eν) = 1
T 3F2(α)
E2ν
exp(Eν
T
− α) + 1 ,
with α as the degeneracy parameter taken to be
either 0 or 3 and F2(α) is a constant determined by
the normalization condition
∫
φ(Eν) dEν = 1. The
average energy values for the various neutrino species
imply that for α = 0(3) the values of temperature T
are 3.5 MeV (2.75 MeV) for νe, 5 MeV (4 MeV) for
ν¯e and 8 MeV (6 MeV) for νx (x = µ,τ, µ¯, τ¯ ).
It is considered that these neutrinos provide valu-
able information about the protoneutron star core, its
equation of state, core collapse and supernova explo-
sion mechanism. With the observation of supernova
neutrinos from SN1987A in Kamiokande, IMB and
BAKSAN [3,4] the feasibility of detecting such events
in future is given serious considerations. Many de-
tectors developed for neutrino oscillation experiments
are adopted for this purpose and are in the various
stages of development [5,6]. Among these are the two
argon based detectors ICARUS at Gran Sasso and
LANNDD at Carlsbad underground laboratory [7,8].
The ICARUS detector has liquid argon time projec-
tion chamber (TPC) to detect neutrino bursts from su-
pernova collapses. The fiducial volume is 3 kT, while
the other detector LANNDD has a fiducial volume of
70 kT.
The signature of supernova neutrino interaction
taking place in various detectors is the observation of
electrons, positrons, photons and other particles which
are produced through the charged and neutral current
interactions.
Two processes that contribute to the total event
rates in these detectors are:
(i) Elastic scattering: νx(ν¯x) + e− → νx(ν¯x) + e−
(x = e,µ, τ ) which is sensitive to all flavours of
neutrinos. The theoretical calculation of cross sections
for these processes is fairly straightforward and the
expressions for the total cross section σ(E) taken
from Ref. [9] are used to calculate the event rates
for supernova neutrino spectra corresponding to the
degeneracy parameter α = 0 and 3 as defined in
Eq. (1).(ii) Absorption events through the charged current
reactions
νe + 40Ar → e− + 40K∗ and
(2)ν¯e + 40Ar → e+ + 40Cl∗.
There is some uncertainty in predicting e−(e+) event
rates for these processes which arise due to the nu-
clear model dependencies of the absorption cross sec-
tion and the treatment of the Coulomb distortion of
electron (positron) in the field of the residual nucleus.
The nuclear absorption cross section for the charged
current neutrino reactions in 40Ar relevant to super-
nova neutrino energies was first calculated by Ragha-
van [10] and Bahcall et al. [11] for Fermi transitions
leading to isobaric analogue state (IAS) at 4.38 MeV
in 40K∗. Later Ormand et al. [12] used a shell model
to calculate the Fermi and Gamow–Teller transitions.
In these calculations Fermi function F(Z,Ee) was
used to take into account the Coulomb effects. In a
recent paper Bueno et al. [13] make use of a calcu-
lation by Martinez-Pinedo et al. [14] who use a shell
model for Fermi and Gamow–Teller transitions and a
continuum random phase approximation (CRPA) for
forbidden transitions to calculate the absorption cross
sections. In this calculation the Coulomb distortion of
the produced electron is treated with a hybrid model
where a Fermi function is used for lower electron ener-
gies and modified effective momentum approximation
(MEMA) for higher electron energies [14–17]. In a re-
cent work Bhattacharya et al. [18] have measured the
Fermi and Gamow–Teller transition strengths leading
to excited states up to 6 MeV in 40K∗ and obtained the
neutrino absorption cross section for supernova neutri-
nos in 40Ar.
In this Letter we report the results of a new calcu-
lation done for the neutrino absorption cross sections
in the local density approximation taking into account
the nuclear medium effects. The Coulomb distortion
of the electron wave function in the field of the fi-
nal nucleus is treated with the Fermi function as well
as in the modified effective momentum approxima-
tion (MEMA). The present results are compared with
other results available in the literature [12,13,18] for
the neutrino absorption cross sections in 40Ar. We also
calculate the predicted event rates for the supernova
neutrinos in 40Ar and compare them with the results
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theoretical uncertainty in the prediction of electron
(positron) event rates due to neutrino (antineutrino)–
nuclear absorption cross sections in 40Ar is discussed.
The basic ν(ν¯)-nucleon reactions taking place in
40Ar nucleus are
νe(k) + n(p) → e−(k′) + p(p′),
(3)ν¯e(k) + p(p) → e+(k′) + n(p′),
for which the matrix element is given by
T = GF√
2
cosθclµJ
µ, where
lµ = u¯(k′)γµ(1 − γ5)u(k), and
(4)
Jµ = u¯(p′)
[
F1
(
q2
)
γµ + F2
(
q2
)
iσµν
qν
2M
+ FA
(
q2
)
γµγ5
]
u(p),
where q = k − k′ is the momentum transfer, F1(q2)
and F2(q2) are the isovector vector form factors
determined in terms of the electromagnetic form
factors for the nucleons assuming conserved vector
current (CVC) hypothesis and are given in terms of
experimentally determined isovector Sach’s electric
and magnetic form factors GE(q2) and GM(q2).
FA(q
2) is the axial vector form factor.
The differential scattering cross section dσ
dΩe dEe
for
the basic reaction described in Eq. (3) is given by
(5)dσ
dΩe dEe
= G
2
F cos
2 θc
4π
Ee
Eν
MnMp
EnEp
×
∑¯∑
|T |2δ(q0 + En − Ep),
where
∑¯∑ |T |2 is the square modulus of the transi-
tion amplitude given in Eq. (4), averaged over the ini-
tial and summed over the final spins of the nucleons.
However, when the reactions shown in Eq. (3) take
place in a nucleus, the cross section in the impulse
approximation is given by
dσ
dΩe dEe
= 2G2F cos2 θc
∫
d3r
d3p
(2π)3
nn(p, r)
× |pe|
4π2Eν
MnMp
EnEp
∑¯∑
|T |2δ(q0 +En − Ep)(6)Fig. 1. Feynman diagram for the neutrino self-energy related to
νl + n → l− + p process in nuclei.
the neutrino (antineutrino) scatters from a neutron
(proton) which is not free and the expression given
in Eq. (5) has to be modified because of the presence
of nuclear medium. These effects are of the following
type [19–21].
1. In the nucleus the neutrons and protons are not
free and their momenta are constrained to satisfy the
Pauli principle, i.e., pn,p < pFn,p and p′n,p(= |pn,p +
q|) > pFp,n , where pFn and pFp are the local Fermi
momenta of neutrons and protons at the interaction
point in the nucleus. In the local density approxima-
tion the momenta pn,p are given by the local Fermi
momentum PFn,p = [3π2ρn,p(r)]1/3 where ρn,p(r) is
the local density of neutrons (protons) in the nuclear
medium.
These are taken into account by replacing the
energy conserving δ function in Eq. (6) by
− 1
π
ImU(q0,q) where U(q0,q) is the Lindhard func-
tion corresponding to the particle–hole (ph) excitation
shown in Fig. 1. ImU(q0,q) is given by [20]:
Im U¯(q0, 	q) = − 12π
MpMn
|	q| [EF1 − A],
q2 < 0, EF2 − q0 < EF1 and
(7)
−q0 + |	q|
√
1 − 4M2
q2
2
< EF1,
where
EF1 =
√
p2Fn +M2n,
(8)EF2 =
√
p2Fp + M2p
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A = Max
[
Mn,EF2,−q0,
−q0 + |	q|
√
1 − 4M2
q2
2
]
.
Otherwise Im U¯(q0,q) = 0.
We have incorporated the Q value of the nuclear
reactions in these calculations by replacing the energy
conserving δ function, i.e., δ(q0 +En −Ep) in Eq. (6)
by δ(q0 +
√
M2n + p2n −
√
M2p + p2p ) and evaluating
the Lindhard function in Eq. (7) at q0 − Q instead
of q0. Because of its nature, this method only applies
to inclusive processes by summing over relatively
many final states. Therefore, we have to make a
reasonable choice for Q value of the reaction to
perform numerical evaluation of the cross sections.
2. In the nucleus, the strength of electroweak
couplings may change from their free nucleon values.
This is known as the renormalization of the weak
coupling constants. This leads to the renormalization
of the transition strengths. This is taken into account
by allowing the propagation of the particle–hole (ph)
and the ∆ − h excitations in the nuclear medium as
described in detail in Refs. [19,20].
While propagating they interact through spin–iso-
spin effective nuclear interaction. The diagram shown
in Fig. 2 simulates the effect of nucleon–nucleon
strong force on the weak vertex. The conservation
of vector current forbids any change in the charge
coupling, while other couplings like magnetic and
axial vector couplings may change from their free
nucleon values. The effect of calculating the diagram
shown in Fig. 2 is that the quadratic terms in |T |2 such
as F 22 ,F2FA,F
2
A, etc. are modified as follows:
F 2A →
[
1
3
1
|1 − UVl |2 +
2
3
1
|1 − UVt |2
]
,
(
F 22 ,F2FA
)→ (F 22 ,F2FA) 1|1 − UVt |2 ,
where U = UN + U∆, UN and U∆ are the Lindhard
function for particle–hole and ∆−hole excitations re-
spectively [21]. Vl and Vt are the longitudinal and
transverse component of nucleon–nucleon potentials.
These are calculated using π and ρ exchanges. The
effect of the short range correlations is taken into ac-
count through Landau Migdal parameter. In literatureFig. 2. Many body Feynman diagrams accounting for the medium
polarization in the spin–isospin channel driven by νl + n → l− +p
transitions.
the value taken for the Landau Migdal parameter g′
varies in the range [22] g′ = 0.7±0.1 but we have cho-
sen g′ = 0.7 which has been used quite successfully to
explain many electromagnetic and weak processes in
nuclei [23].
With these modifications the total cross section
σ(E) for the reactions given in Eq. (2) is written as:
σ(Eν) = −2G
2
F cos
2 θc
π
rmax∫
rmin
r2 dr
pl
max∫
plmin
p2l dpl
×
1∫
−1
d(cosθ)
1
EνEl
(9)×
∑¯∑
|T |2 Im U¯ [q0 − Q, 	q].
3. The charged lepton produced in the reaction
given in Eq. (3), is now moving in the Coulomb field
of the nucleus. To account for the Coulomb effects,
the cross section given in Eq. (7) is multiplied by the
Fermi function F(Z,Ee) [24]:
(10)
F(Z,Ee) = 2(1 + γ0)(2peR)−2(1−γ ) |Γ (γ0 + iη)|
2
(Γ (2γ0 + 1))2 ,
where γ0 =
√
1 − (αZ)2, η = αZc
v
and R is the radius
calculated from the charge distribution ρ(r) which is
taken to be 2pF-density given by ρ(r) = ρ0
1+exp( r−c1 )c2
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(A−Z)
A
ρ(r), ρp(r) = ZAρ(r) [25].
However, it is known that the use of Fermi function
to describe the Coulomb distortion of electron is not
appropriate at higher energies of electron. It is shown
that at higher energies the Coulomb effects can be
simulated by modifying the momentum and energy
in the wave function and the phase space factor of
the lepton [26–28]. In our approach this is done by
replacing the lepton energy El by El = El + Vc(r),
where Vc(r) is the Coulomb potential and making
corresponding changes in El , pl and q0. The form of
Vc(r) is taken to be [29]
(11)
Vc(r) = ZZ′α4π
(
1
r
r∫
0
ρp(r
′)
Z
r ′2 dr ′
+
∞∫
r
ρp(r
′)
Z
r ′dr ′
)
,
where Z′ is the charge of the lepton produced in the
reactions Eq. (2) and ρp(r) is the proton density in the
final nucleus.
We evaluate the neutrino (antineutrino) cross sec-
tions in 40Ar as a function of energy using Eq. (9) and
treat the Coulomb effect using Eqs. (10) and (11).
In Fig. 3, we present the numerical results of the
total scattering cross section σ(Eν) as a function
of neutrino energy Eν . The Q value corresponding
to the lowest Gamow–Teller transition to 1+ state
at 2.29 MeV in 40K∗ is used for the numerical
evaluations. We see that the neutrino cross sections
evaluated with Fermi function for Coulomb effect
(solid line) are lower than the cross sections calculated
in MEMA (dashed line) for Eν < 37 MeV but become
larger than the MEMA results for Eν  37 MeV. In
a hybrid model where the Fermi function is used for
Eν < 37 MeV and MEMA is used for Eν > 37 MeV,
our results are in reasonable agreement with the results
quoted by Bueno et al. [13] (dotted line). Both results
agree well with the results of Ormand et al. [12] (dash-
double dotted line) for Eν  20 MeV but become
higher for Eν > 20 MeV, showing that the contribution
of forbidden transitions to the cross section in this
energy range is quite appreciable.
In Table 1, we have presented and compared our
results with the results of Bhattacharya et al. [18] forFig. 3. Total cross section σ vs. E for νe +40Ar → e− +40K∗ reac-
tion with Fermi function (solid line), modified effective momentum
approximation (dashed line), Ormand et al. [12] (dashed-double dot-
ted line) and Bueno et al. [13] (dotted line).
Table 1
Neutrino absorption cross section 〈σ 〉 (10−43 cm2) at T = 4.5 MeV
for supernova neutrinos as a function of total energy threshold on the
outgoing electron
Threshold (MeV) Bhattacharya et al. [18] Present calculation
4.0 323.71 345.71
4.2 323.54 345.12
4.4 322.81 344.64
4.6 322.66 344.21
4.8 321.67 343.72
5.0 320.77 342.56
5.2 320.57 341.82
5.4 319.15 340.26
5.6 318.86 339.21
5.8 317.79 338.72
6.0 316.24 337.54
the average cross section 〈σ 〉 = ∫∞0 σ(E)φ(E)dE.
For supernova neutrinos corresponding to α = 0 and
T = 4.5 MeV for various values of the cut off
energy of electron. It is found that our results are
about 6–7% higher than the results of Bhattacharya et
al. [18]. It shows that even in the low energy region
of supernova neutrino energies corresponding to T =
4.5 MeV, there may be 6–7% contributions to 〈σ 〉
from the higher multipole transitions leading to states
lying higher than 6 MeV excitations which are not
considered by Bhattacharya et al. [18]. Our results
at these energies are quite sensitive to the choice of
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value changes the results by 10–15%. However, in
the case of neutrino reactions our choice of Q value
corresponding to the lowest 1+ state at 2.29 MeV is
quite reasonable.
In Fig. 4, we present the results for antineutrino re-
actions where Fermi and Gamow–Teller transitions to
1+ and 0+ states are suppressed due to the nuclear
structure [14]. Keeping in view the non-negligible β
decay strength corresponding to ground state transi-
tion, i.e., 40Ar(0+) → 40Cl∗(2−) [30], the Q-value
corresponding to this transition is taken. This being
the lowest Q value, gives the maximum contribution
for the antineutrino reactions in our model. In the case
of antineutrino reactions the results for the cross sec-
tions with Fermi function (solid line) are higher than
Fig. 4. Total cross section σ vs. E for ν¯e + 40Ar → e+ + Cl∗ reac-
tion with Fermi function (solid line), modified effective momentum
approximation (dotted line). In the inset we have also shown the re-
sults of Bueno et al. [13] (dashed-dotted line).the MEMA results (dotted line) for Eν  47 MeV but
become lower than the MEMA results (dotted line) for
Eν  47 MeV. In the inset we compare our results with
the results quoted by Bueno et al. [13] (dashed-dotted).
In this case an increase of 3 MeV in the Q-value re-
duces the cross section by 30%. The cross sections for
the antineutrino reactions are almost an order of mag-
nitude smaller than the cross sections for the neutrino
reactions. Therefore, an uncertainty of 20–30% in an-
tineutrino cross sections has no significant effect on
our predictions for the total absorption events due to
nuclear processes.
In Table 2, we present the number of expected
events for supernova explosion occurring at a dis-
tance of 10 kpc from earth, releasing an energy of
3 × 1053 ergs. These event rate calculations have been
done for 3 kT argon detector corresponding to 〈Eνe 〉 =
11 MeV, 〈Eν¯e〉 = 16 MeV and 〈Eνx (ν¯x)〉 = 25 MeV
(x = µ,τ, µ¯, τ¯ ) and compare our results with the pre-
dictions of Bueno et al. [13] for supernova neutrino
spectrum with α = 0. The results show that the theo-
retical uncertainty due to nuclear model dependence in
predicting the total event rates for argon based detector
is not large.
There is, however, an additional parameter in pre-
dicting the estimated number of event rates corre-
sponding to two values of α = 0 and 3 used in de-
scribing the supernova spectrum. Using α = 3, we find
the total event rate of 204, which corresponds to a de-
crease of 20% as compared to the α = 0 supernova
neutrino spectrum (Table 2). Our results show that in
principle, it should be possible to differentiate between
the two models of supernova spectrum using liquid
40Ar detectors.
The results and discussions presented in this Letter
show that at low energies the neutrino absorptionTable 2
Expected event rates for a 3 kT argon detector for a supernova occurring at 10 kpc corresponding to 〈Eνe 〉 = 11 MeV, 〈Eν¯e 〉 = 16 MeV and
〈Eνx 〉 = 15 MeV x = µ,τ, µ¯, τ¯ . No threshold on electron energy has been applied
ν(ν¯) Reactions Present calculation Bueno et al. [13]
with α = 3 with α = 0 with α = 0
νe + 40Ar → e− + 40K∗ 149 191 188
ν¯e + 40Ar → e+ + 40Cl∗ 15 23 15
Total nuclear event rates 164 214 203
(νx + ν¯x )e− → (νx + ν¯x )e−
x = e,µ, τ
40 41 41
Total event rates 204 255 244
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uncertainty due to nuclear structure. We propose that
neutrino reactions in 40Ar be experimentally studied
with the muon decay at rest (DAR) neutrinos whose
energy spectrum is similar to the supernova neutrinos.
For this purpose we have done calculations for muon
DAR neutrino cross sections and found the flux
averaged cross section to be 265.8 × 10−42 cm2
in the hybrid model. Similar neutrino experiments
with various nuclear targets proposed at Oak Ridge
National Laboratory with Spallation Neutron Source
facility [31] and their comparison with the theoretical
results will be helpful in understanding the theoretical
uncertainties in the neutrino nuclear cross sections due
to nuclear structure in this energy region.
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